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Abstract: In a conventional solvent extraction system, metal ions are 
distributed between two immiscible phases, typically an aqueous and 
an organic phase. In this paper, the proof-of-principle is given for the 
distribution of metal ions between three immiscible phases, two ionic 
liquid phases with an aqueous phase in between them. Three liquid 
phase solvent extraction allows separation of a mixture of three metal 
ions in a single step, whereas at least two steps are required to 
separate three metals in the case of two liquid phase solvent 
extraction. In the triphasic system, the lower organic phase comprises 
the ionic liquids betainium- or choline bis(trifluoromethylsulfonyl)imide 
whereas the upper organic phase comprises the ionic liquid 
trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide. 
The triphasic system was used for the separation of a mixture of tin(II), 
yttrium(III) and scandium(III) ions.  
Introduction 
Ionic liquids (ILs) are solvents that consist entirely of ions. [1] In 
general, they have a melting point below 100 °C and some 
interesting physical properties such as a negligible vapour 
pressure,[2] a low flammability,[3] a broad liquidus range and a 
broad electrochemical window. [4] In addition, their properties are 
highly tuneable towards the desired applications. Their tuneable 
polarity, low flammability and low volatility of ionic liquids make 
them interestin alternatives for conventional organic solvents 
used in solvent extraction experiments.[5]  
Mutually immiscible ionic liquids were reported for the first time in 
2006 by Arce et al.[6] They discovered that a mixture of the ionic 
liquids trihexyl(tetradecyl)phosphonium 
bis(trifluoromethylsulfonyl)imide [P66614][Tf2N] and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide 
[C2mim][Tf2N] had an Upper Critical Solution Temperature 
(UCST) of 115 °C. The UCST is defined at the highest 
temperature at which the mixture is completely miscible in all 
possible proportions. Below the critical solution temperature, the 
solution separates in two phases. Later, other mutually immiscible 
ionic liquid combinations were reported.[7] To the best of our 
knowledge, only one report exists on the separation of molecular 
compounds by selective distribution between two mutually 
immiscible ionic liquids. [8] In this study, a mixture of [C2mim][Tf2N] 
and [P66614][Tf2N] was used for the separation of hexane and 
benzene. No significant improvement in selectivity was observed 
in the biphasic region in comparison with an extraction performed 
with only [C2mim][Tf2N].  
Recently, a mixture of the two mutually immiscible ionic liquids 1-
ethyl-3-methylimidazolium chloride and 
trihexyl(tetradecyl)phosphonium bis(2,4,4-
trimethylpentyl)phosphinate (Cyphos® IL 104) was used for the 
separation of metal ions.[9] Ternary phase diagrams having a 
triphasic region between water, an organic solvent and an ionic 
liquid have been described in the literature, but ternary phase 
diagrams consisting of water and two water-immiscible ionic 
liquids have not been reported yet. [10]  
The formation of a third phase is considered as a disadvantage in 
solvent extraction systems.[11] The third phase is often formed at 
high metals loadings when the metal complex becomes partly 
insoluble in the organic phase. On the other hand, several authors 
have reported the distribution of metals between three different 
liquid phases. There are several examples where a third phase is 
used consisting of a polymer and an additive.[12] Zhang et al. 
separated platinum(IV), palladium(II) and rhodium(III) by salting-
out acetonitrile from the aqueous phase and introducing an 
aliphatic solvent containing an extractant as third phase. [13] A 
triphasic extraction system for metals, containing one ionic liquid 
phase, was reported only twice. The ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate [C4mim][PF6] in 
combination with water, cyclohexane and two neutral extractants 
(8-quinolinol and tri-n-octylphosphine oxide) was successfully 
used in a triphasic extraction system. Nickel(II) was extracted 
towards the ionic liquid phase whereas the other divalent metals 
manganese(II), zinc(II), cadmium(II) and lead(II) were extracted 
into the cyclohexane phase.[14] The same group used a system 
consisting of [C4mim][PF6], diisopentyl sulfide/nonane and water 
to separate platinum(IV), lead(II) and rhodium(III) from chloride 
media. In that case, platinum(IV) is extracted as [PtCl6]2- complex 
to the ionic liquid phase, palladium(II) to the nonane phase and 
rhodium(III) remained in the aqueous phase.[15] Another example 
was described in the patent literature, where a triphasic extraction 
system containing an aqueous phase with a complexing agent, a 
salting-out agent, an ionic liquid and a polymer phase was 
reported for the separation of rare-earth ions.[16] 
In this paper, we present the binary phase diagrams of the ionic 
liquids betainium bis(trifluoromethylsulfonyl)imide, [Hbet][Tf2N] or 
choline bis(trifluoromethylsulfonyl)imide, [Chol][Tf2N] with the 
ionic liquid trihexyl(tetradecyl)phosphonium 
bis(trifluoromethylsulfonyl)imide [P66614][Tf2N] for which the 
structures are given in Figure 1. Ternary phase diagrams 
containing two immiscible ionic liquids and an aqueous phase are 
constructed. The proof-of-principle for a direct and selective 
separation of three different metal ions is given. Such a separation 
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is obviously not possible with a biphasic solvent extraction system 
under similar conditions. Moreover, the physical separation of two 
strong metal coordinating groups offers new opportunities for 
selective metals separations in solvent extraction studies. 
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Figure 1. Chemical structures of the cations a) trihexyl(tetradecyl)phosphonium, 
b) betainium, c) choline and the anion d) bis(trifluoromethylsulfonyl)imide. 
Results and Discussion 
Phase diagrams. The binary phase diagrams of 
[Hbet][Tf2N]/[P66614][Tf2N] and [Chol][Tf2N]/[P66614][Tf2N] are 
presented in Figures 2 and 3. A mixture with a  certain 
composition at a specific temperature located within the white 
area (biphasic region) separates into two phases, a [Hbet][Tf2N]- 
or [Chol][Tf2N]-rich phase (right side of the graph) and a 
[P66614][Tf2N]-rich phase (left side of the graph). The grey zones 
indicate the monophasic homogeneous region in which only one 
phase is formed. The [Hbet][Tf2N]-rich phase contained less than 
2 wt% of [P66614][Tf2N] at all considered temperatures (25 to 
135 °C). A color change from transparent to yellow/brown of the 
mixture was observed above 135 °C, probably due to 
decomposition. The decomposition products could not be 
identified by NMR techniques because their concentrations were 
too low. Therefore, construction of the phase diagram 
[Hbet][Tf2N]/ [P66614][Tf2N] was stopped at 135 °C. The 
[Chol][Tf2N]-rich phase contained less than 5 wt% of [P66614][Tf2N] 
at all measured temperatures (25 to 205 °C). The [P66614][Tf2N] 
phase contains 3.5 and 7.2 wt% of [Hbet][Tf2N] at 25 and 135 °C 
respectively. The [P66614][Tf2N] phase in the 
[Chol][Tf2N]/[P66614][Tf2N] system contained 7.0 and 21.3 wt% of 
[Chol][Tf2N] at 25 and 205 °C, respectively.  
No large difference was found between the phase diagrams of 
both binary systems. This is probably due to the similar structure 
of both ionic liquids in comparison with the [P66614][Tf2N] ionic 
liquid. This was observed as well in the binary systems 
[Hbet][Tf2N]/H2O and [Chol][Tf2N]/H2O which have similar phase 
diagrams too.[17] However, the phase diagrams are different from 
the reported one for the binary systems [C2py][Tf2N]/[P66614][Tf2N] 
and [C2mim][Tf2N]/[P66614][Tf2N] which have a smaller biphasic 
area in the phase diagram.[18] These ionic liquids are less polar 
due to the absence of an alcohol or carboxylic acid and have 
therefore higher solubility in the [P66614][Tf2N] phase in comparison 
with [Hbet][Tf2N] or [Chol][Tf2N]. 
 
 
Figure 2. Temperature-composition diagram for the binary system 
[Hbet][Tf2N]/[P66614][Tf2N]. The white area is the biphasic region and the grey 
area the monophasic region. 
 
Figure 3. Temperature-composition diagram for the binary system 
[Chol][Tf2N]/[P66614][Tf2N]. The white area is the biphasic region and grey area 
the monophasic region. 
Choice of the extraction system. The ternary phase diagrams 
of the systems [Hbet][Tf2N]/H2O/[P66614][Tf2N] and 
[Chol][Tf2N]/H2O/[P66614][Tf2N] are given in Figures 4 and 5. In 
contrast to the binary phase diagrams, the ternary phase 
diagrams of the two systems showed remarkable differences. The 
area of the triphasic region for the [Chol][Tf2N]/H2O/[P66614][Tf2N] 
system was significant smaller than that of the triphasic region in 
the [Hbet][Tf2N]/H2O/[P66614][Tf2N] system. From these results, it 
can be concluded that [Hbet][Tf2N] system is more interesting 
than the [Chol][Tf2N] system because the phases in the latter 
system are less pure and thus less interesting for solvent 
extraction systems. Moreover, choline is a very weak solvating 
ligand and extraction without the addition of an extra extractant is 
very difficult.[19] 
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The three phases of the [P66614][Tf2N]/H2O/[Hbet][Tf2N] system 
consist of almost pure [P66614][Tf2N] (A), and two less pure phases, 
namely [Hbet][Tf2N] in H2O (B) and H2O in [Hbet][Tf2N] (C) (Figure 
5). Apart from the liquid-liquid-liquid triphasic region, also a 
second liquid-liquid-solid triphasic region was observed. In this 
region, the mixture is separating in a liquid [Hbet][Tf2N] phase 
containing a small amount of H2O, a pure and solid [Hbet][Tf2N] 
phase and a [P66614][Tf2N] phase. The exact area of this region is 
difficult to determine and is due to the slow crystallization process 
of [Hbet][Tf2N] (undercooled solution) when small amounts of 
water are present. There are also two small monophasic regions 
on top of the diagram when working with almost pure [P66614][Tf2N] 
and on the right down side of the graph when working with almost 
pure and solid [Hbet][Tf2N]. 
 
 
Figure 4. Ternary phase diagrams at room temperature of the mixture 
[P66614][Tf2N]/H2O/[Chol][Tf2N]. The black and grey zones are the triphasic and 
biphasic regions, respectively. 
The triphasic system [Hbet][Tf2N]/H2O/[P66614][Tf2N] was 
investigated for extraction. The extraction of metal ions by 
[Hbet][Tf2N] or similar ionic liquids has been investigated 
elsewhere.[20] The ionic liquid [Hbet][Tf2N] can be classified as an 
acidic extractant. Some metal ions are extracted without the need 
for an increase in pH, whereas other metal ions need the addition 
of for instance betaine (causing an increase in pH) before they 
are extracted. The [P66614][Tf2N] phase has no strong coordination 
ability. Although it was shown that non-functionalised 
bis(trifluoromethylsulfonyl)imide ionic liquids can extract metals 
without the need of an additional extractants, it often requires very 
strong complexes and interactions with the cation and losses of 
the ionic liquid anion in the aqueous phase. Examples are the 
formation of metal nitrato or chloro complexes at high anion or 
acid concentrations.[21] Unfortunately, the use of nitric acid is not 
an option because very low pH values inhibit the transfer of metal 
ions to the [Hbet][Tf2N] phase. Another option could be the 
formation of anionic chloro complexes.[22] These complexes are 
formed by the addition of chloride salts or hydrochloric acid often 
in high concentration to solutions of metal ions. It has been shown 
before that stable chloro complexes can be extracted towards a 
Tf2N-based ionic liquid.[23] The mechanism is often occurring via 
ion exchange and one or more Tf2N- anions are exchanged for the 
charged metal chloro complex. The exchange of double or even 
triple charged species is quite contradictory to the Hofmeister 
series,[24] which predicts that the Tf2N- anion is very weakly 
solvated in the aqueous phase whereas the higher charges 
species such as SO4
2− and PO4
3− are very strongly hydrated and 
difficult to extract towards basic extractants.[25] Therefore, the 
exchange of double charged species and strongly hydrated 
species for Tf2N- anions in the aqueous phase is unlikely. 
However, the interaction between the ionic liquid cation and the 
metal anion is a second driving force for extraction. It has been 
shown already that strong and highly charged metal complexes 
can be extracted towards Tf2N ionic liquids.[23] Another option for 
extracting metals towards the [P66614][Tf2N] phase is the addition 
of a neutral extractant such as Cyanex® 923 or tri-n-butyl 
phosphate (TBP), that can solvate metal ions. The addition of a 
strong solvating extractant to the upper phase will significantly 
increase the percentages extraction to the [P66614][Tf2N] phase. 
The addition of an extra component to the ternary IL/H2O/IL 
system will of course change the phase diagram. The construction 
of quaternary phase diagrams was outside the scope of this article 
and volume changes were avoided by presaturation of the IL 
phases by the appropriate water phase as described in the 
experimental part of the article. Important to mention is the fact 
that mixtures of Cyanex® 923 or TBP with water and [Hbet][Tf2N] 
gave biphasic systems, which means that a third ionic liquid 
phase, immiscible with the two other phases, needs to be 
introduced for performing triphasic extractions. 
 
 
Figure 5. Ternary phase diagrams at room temperature of the mixture 
[P66614][Tf2N]/H2O/[Hbet][Tf2N]. The black and grey zones are the triphasic and 
biphasic regions, respectively. 
A mixture of the ions of the three metals tin, scandium and yttrium 
was chosen to demonstrate the proof-of-principle of a triphasic 
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IL/H2O/IL extraction for two different reasons. First, it is known 
that tailings of tin mines contain relatively large amounts of 
scandium and yttrium which could therefore be an interesting 
secondary source for rare earths.[26] Secondly, it is known that 
tin(II) and scandium(III) are extremely difficult to separate with 
carboxylic extractants because of the very similar pH dependence 
of the extraction of both elements. Preston et al. reported a 
difference of merely 0.2 units in terms of pH between 50% 
extraction of tin(II) and scandium(III).[27] A proper overview of the 
triphasic extraction system is given in Figure 6. 
 
 
Figure 6. Visual representation of the triphasic extraction system. 
Extraction results. First, the biphasic aqueous/ionic liquid 
extraction systems were investigated. [Hbet][Tf2N] is an acidic 
extractant and its extraction behavior as function of the pH was 
studied. It was observed that about 80% of tin(II) and 
scandium(III) were extracted to the ionic liquid phase whereas 
only 4% of yttrium(III) was extracted at an equilibrium pH of 1.01 
(Figure 7). This means that it is possible to separate scandium(III) 
and tin(II) from yttrium(III), whereas the separation of 
scandium(III) from tin(II) is almost impossible, which is in 
agreement with literature data.[27] It was observed that the %E of 
all elements increased when the equilibrium pH increased by the 
addition of betaine. However, a precipitate was formed at a pH 
value of 1.6 which was deduced to the hydrolysis of tin(II), as its 
recovery rate (the amount present in the IL phase and water 
phase together) was only 51% of the added amount. This is in 
agreement with the solubility product of Sn(OH)2 (Ksp = 3∙10-27).[28] 
At higher pH values, the percentage recoveries of Tin(II) were 
again close to 100% and no precipitate formation was observed. 
This is probably due to the formation of very strong coordination 
complexes of the metals with the betaine inner salt in which no 
metal is available for the formation of hydrolysis species in the 
aqueous phase. 
The extraction of the metal mixtures scandium(III), Sn(II) and 
yttrium(III) towards the [P66614][Tf2N] phase with TBP as extractant 
was tested as well. It was tried to extract the metals under 
conditions similar to that of the triphasic extraction systems. 
Unfortunately, the mixture TBP in [P66614][Tf2N] with H2O formed 
strong emulsions and precipitates, which could not be removed 
by centrifugation, temperature changes. When using higher salt 
concentrations, emulsions could be prevented, but a precipitate 
was still formed. This is probably due to the higher pH and the 
formation of metal hydroxides. Both precipitation and emulsion 
formation could be avoided by using 1 M MgCl2 in combination 
with a sufficiently high HCl concentration (pH = 0.63 ± 0.02). 
Under these conditions, it was observed that yttrium(III) remained 
entirely in the water phase even at higher TBP concentrations. 
Over 80% of tin(II) was extracted in the [P66614][Tf2N] phase 
without significant extraction improvements at higher TBP 
concentrations. scandium(III) remained mainly in the water phase. 
However, the %E increased slightly to 17% at 20 wt% TBP 
concentration. The results are shown in Figure 8. Perhaps, the 
separation could be modified by changing the concentration of the 
salting-out agent, but it is obvious that it is impossible to separate 
three metals in a two-phase extraction system. 
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Figure 7. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) from chloride media towards [Hbet][Tf2N] as a function of the 
equilibrium pH. 
After investigation of the biphasic extraction systems, a third 
phase was introduced. Tables with exact data and the recovery 
rates can be found in the supplementary information. Two 
different types of molecular extractants having concentration 
ranging between 1 and 10 wt% in the [P66614][Tf2N] phase were 
tested in combination with the [Hbet][Tf2N] and water phase 
containing 0.5 M CaCl2 (Figures 9 and 10). It was observed that 
a changing concentration of TBP did only slightly changed the %E 
of tin(II) and yttrium(III) in the three different phases. However, 
increasing the TBP concentration increased the concentration of 
scandium(III) in the [P66614][Tf2N] phase significantly without 
significant changes in pH values. In case of Cyanex® 923, it was 
observed that the %E of scandium(III) and tin(II) towards the 
[P66614][Tf2N] phase remained almost equal. The values increased 
with increasing Cyanex® 923 concentration but without any 
significant selectivity. The %E of yttrium(III) towards the water 
phase was always above 90%. In fact, increasing the Cyanex® 
923 concentration transferred more tin(II) and scandium(III) from 
the [Hbet][Tf2N] phase towards the [P66614][Tf2N] phase at equal 
pH values. From these results, it can also be concluded that the 
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addition of TBP gave a better metal selectivity than using Cyanex® 
923. 
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Figure 8. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) from chloride media to the [P66614][Tf2N] as a function of the 
TBP concentration (0 to 20 wt%). The aqueous phase contained 1 M MgCl2 and 
the pH was adjusted to 0.63 ± 0.02. 
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Figure 9. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) to the [Hbet][Tf2N], H2O and [P66614][Tf2N] rich phase as a 
function of the TBP concentration (1 to 10 wt%) in the [P66614][Tf2N] phase. The 
aqueous phase contained 0.5 M of CaCl2 and the pH ranged between 1.11 and 
1.15. 
In a second series of experiments, the salting-out agent was 
changed from 0.5 M CaCl2 towards 0.5 M MgCl2 and the influence 
of the TBP concentration was monitored (Figure 11). Also here, 
the concentration of Sc(II) in the [P66614][Tf2N] phase increased 
with increasing TBP concentration, whereas the concentrations of 
yttrium(III) in the aqueous phase and tin(II) in the [Hbet][Tf2N] 
remained more or less constant. The percentages extraction for 
scandium(III) in the [P66614][Tf2N] phase and tin(II) in the 
[Hbet][Tf2N] phase are slightly higher when using CaCl2 at the 
same TBP concentrations. 
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Figure 10. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) to the [Hbet][Tf2N], H2O and [P66614][Tf2N] rich phase as a 
function of the Cyanex® 923 concentration (1 to 10 wt%) in the [P66614][Tf2N] 
phase. The aqueous phase contained 0.5 M of CaCl2 and the pH ranged 
between 1.15 and 1.22. 
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Figure 11. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) to the [Hbet][Tf2N], H2O and [P66614][Tf2N] rich phase as a 
function of the TBP concentration in the [P66614][Tf2N] rich phase (0 to 20 wt%). 
The H2O rich phase contained 0.5 M MgCl2. 
In a third series of experiments, the effect of the concentration of 
the salting-out agent was studied (Figure 12). In this case, the 
concentration of MgCl2 in the aqueous phase was varied between 
0.25 and 2.5 M at constant TBP concentrations in the 
[P66614][Tf2N] phase (20 wt%). It was observed that the percentage 
extraction of yttrium(III) and scandium(III) in the water phase 
slightly decreased with increasing chloride concentrations. In 
general, it seems that both metals are more strongly extracted to 
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the [P66614][Tf2N] phase, which is probably due to the increasing 
salting-out effect at higher MgCl2 concentrations. On the other 
hand, the percentages extraction of all metals decreased in the 
[Hbet][Tf2N] phase. This is probably not due to the salting-out 
agent but rather caused by the decreasing pH of the aqueous 
phase when working with higher MgCl2 concentrations which was 
difficult to control during the experiment. During the investigation 
of this triphasic extraction system, it was concluded that the 
system having the lowest chloride concentrations had better 
separation properties. At these conditions (20 wt% TBP, 0.25 M 
MgCl2), 89% of tin(II) could be extracted to the [Hbet][Tf2N] phase, 
89% of yttrium(III) remained in the aqueous phase and 85% of 
scandium(III) was extracted to the [P66614][Tf2N] phase. 
Unfortunately, due to the formation of emulsions, it was 
impossible to further decrease the chloride concentration. 
Important to mention here is that lower concentrations of MgCl2 
could be used in comparison with CaCl2 which is probably 
because Mg(II) is more kosmotropic than Ca(II) and smaller 
amounts can be used to break the emulsion. Therefore, MgCl2 
was preferred above CaCl2 in other experiments. 
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Figure 12. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) of the [Hbet][Tf2N], H2O and [P66614][Tf2N] rich phase as a 
function of the MgCl2 concentration (0.25 to 2.5 M). The [P66614][Tf2N] rich phase 
contained 20 wt% TBP. 
In a last series of experiments, the pH was increased by addition 
of betaine (Figure 13). When the pH was increased from 1.16 to 
1.47, an increase in extraction percentages in the [Hbet][Tf2N] 
phase was observed. This behavior is expected for an acidic 
extractant. Unfortunately, a precipitate was formed at pH values 
of 1.72 and 2.11, due to hydrolysis of tin(II) and similar to what 
has been observed in the biphasic extraction systems. The 
percentage recovery was higher with 10 and 20 wt% of added 
betaine and no precipitate was visually observed. However, a 
stable emulsion was observed between the phases after 
centrifugation. Similar observations were made in the biphasic 
extraction system described above. 
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Figure 13. Percentage extraction (%E) of tin(II) (■), yttrium(III) (ᴏ) and 
scandium(III) (×) to the [Hbet][Tf2N], H2O and [P66614][Tf2N] rich phase as a 
function of the pH adjusted by the addition of betaine to the aqueous phase. 
The aqueous rich phase contained 0.5 M of MgCl2 and the [P66614][Tf2N] rich 
phase contained 20 wt% TBP. 
Conclusions 
Two IL/IL combinations ([Hbet][Tf2N] or [Chol][Tf2N] with 
[P66614][Tf2N]) are presented having a very low mutual solubility. 
The same hydrophobic ionic liquids were used for the construction 
of IL/H2O/IL ternary phase diagrams. The 
[Hbet][Tf2N]/H2O/[P66614][Tf2N] showed a very large triphasic 
region which is interesting for separation processes. A proof-of-
principle for the separation of tin(II), yttrium(III) and scandium(III) 
in a triphasic IL/H2O/IL system was given. A few extraction 
parameters such as the pH, the salting-out agent and the type of 
molecular extractant in the [P66614][Tf2N] were varied. It was 
shown that the separation of scandium(III) from tin(II) in the 
biphasic extraction system [Hbet][Tf2N]/water is difficult due to the 
very similar pH-dependence of the extraction behavior of these 
two metal ions. However, the introduction of a third ionic liquid 
phase, containing a neutral extractant, significantly increases the 
separation of the three metal ions. The best separation was 
obtained at low chloride concentrations, without pH adjustment 
and at high molecular extractant concentrations in the 
[P66614][Tf2N] phase. At these conditions, 89% of tin(II) could be 
extracted to the [Hbet][Tf2N] phase, 89% of yttrium(III) remained 
in the aqueous phase and 85% of scandium(III) was extracted to 
the [P66614][Tf2N] phase. 
Experimental Section 
Materials. Choline chloride (99%) and tri-n-butyl phosphate (TBP, 98%) 
were purchased from Alfa Aesar (Karlsruhe, Germany) and betaine 
chloride (99%) from Acros Organics (Geel, Belgium). Lithium 
bis(trifluoromethylsulfonyl)imide (99%) was obtained from IoLiTec 
(Heilbronn, Germany). Trihexyl(tetradecyl)phosphonium chloride (>97%) 
(Cyphos® IL 101) and Cyanex® 923 were purchased from Cytec Industrial 
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Materials (St Jean, Toulouse, France). Absolute ethanol and HCl (37 wt%) 
were obtained from VWR (Leuven, Belgium). CaCl2 (95%) and 
MgCl2∙6H2O (99%) were purchased from ChemLab (Zedelgem, Belgium). 
ScCl3∙xH2O was synthesised,[29] YCl3∙6H2O (99.9%) was obtained from 
Strem Chemicals (Kehl, Germany), a 1000 ppm Cerium standard and 
tin(II)Cl2∙2H2O (>98%)  were obtained from Merck (Overijse, Belgium). The 
silicon solution in isopropanol was obtained from SERVA Electrophoresis 
GmbH (Heidelberg, Germany). Deuterated DMSO was obtained from 
Sigma–Aldrich (Diegem, Belgium). All chemicals were used as received, 
without further purification. 
Equipment. 1H and 13C NMR spectra were recorded on a Bruker Avance 
300 spectrometer (Bruker Biospin, Rheinstetten, Germany), operating at 
300 MHz for 1H and 75 MHz for 13C. The melting points of the ionic liquids 
were recorded on a power compensation DSC (DSC 882e, Mettler–Toledo, 
Greifensee, Switzerland) under helium atmosphere. A Mettler–Toledo 
DL39 coulometric Karl Fischer titrator (Mettler–Toledo, Greifensee, 
Switzerland) was used to determine the water content in the synthesized 
ionic liquids. CHN analysis (carbon, hydrogen, nitrogen) was performed on 
a CE Instruments EA-1110 element analyzer (Interscience, Louvain-la-
Neuve, Belgium) and FTIR spectra were recorded on a Bruker Vertex 70 
spectrometer and analyzed with OPUS software (Bruker Optics, Ettlingen, 
Germany). The ionic liquids were examined directly without further 
preparation using a Platinum ATR single reflection diamond attenuated 
total reflection (ATR) accessory (Bruker Optics, Ettlingen, Germany). A 
Nemus Life Thermo Shaker TMS-200 (Nemus LIFE AB, Lund, Sweden) 
was used for constructing the phase diagrams and the extraction 
experiments. A Heraeus Labofuge 200 centrifuge (Thermo Fisher 
Scientific, Asse, Belgium) was used to accelerate phase separation. pH 
measurements were performed with a S220 SevenCompact™ pH/Ion 
meter (Mettler-Toledo) and a Slimtrode (Hamilton) electrode. A GC-MS 
(TraceGC Oven, ITQ9000, Thermoscientific) was used to quantify the 
composition of the Cyanex® 923 mixture. A total reflection X-ray 
fluorescence (TXRF) spectrometer was used to determine the metals 
concentrations (S2 PICOFOX, Bruker). 
Extractions. Prior to the extractions, a spike metal salt mixture was 
created. ScCl3∙xH2O (342.8 mg), SnCl2∙2H2O (177.5 mg) and YCl3∙6H2O 
(338.2 mg) were dissolved in 150 mL of water and stirred for 1 h. Water 
was removed on the rotary evaporator at 70 °C obtaining a solid metal salt 
mixture. The solid was then crushed to a powder and three random 
samples were measured with TXRF to check the homogeneity of the 
obtained powder. For 8 mg of metal salts (the standard amount used in the 
extractions) there was 13.30 ± 0.24 mmol scandium(III), 8.30 ± 0.15 mmol 
tin(II) and 11.36 ± 0.15 mmol yttrium(III) present. A slightly different metal 
salts mixture was used for the [P66614][Tf2N] biphasic system: 8 mg 
contained 16.92 ± 0.9 mmol scandium(III), 8.84 ± 0.8 mmol tin(II), and 
12.23 ± 0.9 mmol yttrium(III). Low concentrations were chosen instead of 
high concentrations to avoid large volume changes upon addition of the 
metal salts. 
The molecular extractant (Cyanex® 923 or TBP) was dissolved in 
[P66614][Tf2N] to obtain the desired concentrations. The water phase was 
prepared by dissolving the salting-out agent (CaCl2 or MgCl2) in water and 
the [Hbet][Tf2N] phase was made liquid by presaturation with water. Before 
performing the extractions, the three phases were equilibrated with each 
other to prevent volume changes during extraction. Therefore, 4 mL of 
[P66614][Tf2N] containing Cyanex® 923 or TBP (top phase), 4 mL of water 
(middle phase) containing CaCl2 or MgCl2 and 4 mL of water saturated 
[HBet][Tf2N] (bottom phase) were brought into contact with each other and 
shaken for 20 min at 70 °C. After cooling down and phase separation by 
centrifugation at 3000 rpm for 5 min, the water phase was removed with a 
syringe and a new water phase (4 mL) was added. This saturation 
procedure was performed four times until two ionic liquid phases were 
obtained, which are in equilibrium with each other and the aqueous phase. 
However, the water phase is still taking up [Hbet][Tf2N] during the last 
saturation step. Therefore, the real MgCl2 or CaCl2 concentration will be 
slightly lower than the reported ones. The errors made on the reported 
chloride concentrations depend on the salting-out effect of cation and the 
concentration and is in all cases lower than 11%. 
An aliquot (1 g) of each pre-equilibrated phase was taken and 8 mg of the 
metal salts mixture was added. The salt mixture was added to the 
extraction system as a solid because of practical considerations. The 
addition of metal chlorides to an presaturated aqueous stock could salt-
out part of the dissolved [Hbet][TF2N] phase, causing partial loss of the 
metals in this phase, even before extraction. The triphasic system was 
shaken at 3000 rpm at 70 °C for 1 h. After cooling down, the system was 
centrifuged (5300 rpm, 5 min) to improve phase separation and the pH of 
the aqueous phase was measured. Afterwards, about 50 mg was taken 
from each phase for metal quantification. 20 μL of a 1000 ppm cerium 
standard was added to the [P66614][Tf2N]-phase whereas 200 μL of the 
1000 ppm cerium standard was added to the aqueous and [Hbet][Tf2N] 
phase. These mixtures were further diluted to 1 mL with absolute ethanol. 
The addition of different amounts of standard volumes was done because 
of the poor solubility of [P66614][Tf2N] in ethanol in the presence of a 
significant amount of water coming from the standard solution. Afterwards, 
2 μL of the solution was brought onto a Quartz TXRF carrier, dried for 30 
min at 60 °C in a hot air oven and measured by TXRF for 1000 s. The 
biphasic extractions were performed in a similar way as the triphasic 
extractions. An aliquot of 2 mL of an aqueous phase containing the desired 
MgCl2 and betaine concentration was brought into contact with 2 mL of 
[Hbet][Tf2N]. Similar, 2 mL of an aqueous phase, containing 1 M MgCl2 
was adjusted with HCl until a pH of 0.5 was obtained. Afterwards, the 
solution was used to pre-equilibrate the [P66614][Tf2N] phase containing 0 
to 20 wt% of TBP.  The mixtures were shaken for 20 min at 70 °C and after 
cooling down and phase separation by centrifugation at 5300 rpm for 5 min, 
the water phase was removed with a syringe and a new water phase (2 
mL) was added. This saturation step was performed four times until both 
phases were in equilibrium with each other. From the equilibrated phases, 
1 g was taken and 8 mg of the metal salt mixture was added to the solvent 
mixture. The mixtures were shaken at 3000 rpm at 70 °C for 1 h. After 
cooling down to room temperature, the systems were centrifuged (5300 
rpm, 5 min) to improve the phase separation, followed by a measurement 
of the pH of the aqueous phase. Quantification of the metal concentrations 
was performed in the same way as described for the triphasic system. 
The percentage extraction (%E) of a metal i in each phase a (a = x 
[Hbet][Tf2N], y [H2O] and z [P66614][Tf2N]) was calculated using the 
following equation:  
(%𝐸)𝑖,𝑎 =  
[𝑀𝑖]𝑥∙𝑚x
[𝑀𝑖]𝑥∙𝑚𝑥+ [𝑀𝑖]𝑦∙𝑚𝑦+[𝑀𝑖]𝑧∙𝑚𝑧
× 100%     (1) 
With x, y and z the abbreviations for the three phases, [ 𝑀𝑖 ] the 
concentration (in moles/kg or mg/kg) of one specific metal ‘i’ in one of the 
three phases and 𝑚𝑥 the used mass (in kg) of the 𝑥 phase in the extraction 
system (≈ 1 g). Three metals in three different phases are giving nine 
values. Notice that for practical reasons, the concentrations used to 
calculate the %E values are expressed in mg/kg rather than in mol/L. 
The percentage recovery (%R)i is calculated by the following formula: 
(%𝑅)𝑖,𝑎 =  
[𝑀𝑖]𝑥∙𝑚𝑥+ [𝑀𝑖]𝑦∙𝑚𝑦+[𝑀𝑖]𝑧∙𝑚𝑧
𝑚𝑖,𝑎𝑑𝑑𝑒𝑑
× 100%     (2) 
Where 𝑚𝑖,𝑎𝑑𝑑𝑒𝑑 is the added amount of metal to the extraction mixture. The 
percentage recovery represents the quality of the data points and includes 
all errors. Three measurement errors are made on the concentration of 
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each of the three phases. Also the metal concentrations measured in the 
stock solutions contain an error. Moreover, the measurements were often 
made in large ionic liquid matrices and the dried salt mixture was taking up 
water when transferring from the sealed stock vial towards the extraction 
mixture both influencing the concentration accuracies. 
Synthesis of betainium bis(trifluoromethylsulfonyl)-imide, 
[Hbet][Tf2N]. Betainium hydrochloride ([HBet]Cl, 153.61 g/mol. 30 g, 
0.195 mol) was dissolved in 80 mL of distilled water. Lithium 
bis(trifluoromethylsulfonyl)imide (Li[Tf2N], 287.05 g/mol, 56.2 g, 0.195 mol) 
was added while stirring. The solution was then further stirred for 1 h. The 
ionic liquid (IL) phase phase-separated from the aqueous phase. The 
water phase was removed and the IL phase was washed three times with 
10 mL of water to remove all remaining LiCl. The remaining chloride 
concentration was checked by TXRF measurement, but no chlorine peak 
could be detected.[30] The solution was dried at a rotary evaporator (50 °C, 
2 h,) under vacuum and overnight at the Schlenk line at 60 °C. White solid. 
Yield: 92% (71.696 g, 0.180 mol). 1H NMR (300 MHz, [d6] DMSO) δ/ppm: 
4.29 (s, 2H, CH2), 3.21 (s, 9H, 3 CH3). 13C NMR (75.48 MHz, [d6] DMSO) 
δ/ppm: 166.3 (s, COO), 119.4 (q, 3 CF3, J = 4.27), 62.6 (s, CH2), 52.9 (s, 
3 CH3), Elemental analysis calculated for C7H12N2O6F6S2∙H2O (MM = 
416.3 g/mol) (%): C 20.20, H 3.39, N 6.73; found (%): C 20.57, H 3.61, N 
6.85. Melting point: 56.6 °C (literature: 57 °C).[31] Density (water-saturated, 
25 °C): 1.453 g/cm3, FTIR (ATR, ν/cm-1): 1767 (COOH), 1479 (CH2), 1423, 
1350 (SO2), 1325 (SO2), 1170 (CF3), 1139 (SO2), 1049 (SO2), 741 (CF3), 
608 (CF3) 570 (CF3), 513 (CF3). 
Synthesis of choline bis(trifluoromethylsulfonyl)imide, [Chol][Tf2N]. 
Choline chloride ([Chol]Cl, 139.6 g/mol, 0.144 mol, 20.165 g) and lithium 
bis(trifluoromethylsulfonyl)imide (Li[Tf2N], 287.05 g/mol, 0.144 mol, 41.353 
g) were added to 250 mL of distilled water. The mixture was stirred for 1 h 
at room temperature. The resulting ionic liquid phase-separated from the 
aqueous layer and was washed with distilled water to remove any 
remaining LiCl. The ionic liquid was checked for the presence of chloride 
impurities by TXRF but no chlorine peak could be detected. [30] The ionic 
liquid was then dried at 50 °C in vacuo on a rotary evaporator for 2 hours 
and overnight on the Schlenk line. White crystals. Yield 50% (0.072 mol, 
27.735 g). 1H NMR (300 MHz, [d6] DMSO, δ/ppm) : 5.27 (t, 1H, OH, J = 
5.0 Hz), 3.83 (m, 2H, CH2), 3.39 (m, 2H, CH2-OH), 3.10 (s, 9H, CH3).  13C 
NMR (75.47 MHz, [d6] DMSO, δ/ppm): 121.35 (q, 2 × CF3, J = 4.24 Hz), 
66.90 (N-CH2), 55.10 (CH2-OH), 53.11 (3 CH3). Elemental analysis 
calculated for C7H14F6N2O5S2∙1/2H2O (MM = 393.3 g/mol) (%): C 21.38, H 
3.84, N 7.12; found (%): C 21.45, H 3.67, N 7.29. Melting point: 30 °C 
(literature: 30 °C),[31] FTIR (ATR, ν/cm-1): 3537 (OH), 2915 (CH2), 1478 
(CH2), 1420 (OH), 1347 (SO2), 1181 (CF3), 1132 (SO2), 1055 (SNS), 791 
(CS), 764 (SNS), 741 (CF3), 655 (SNS), 613 (SO2), 570 (CF3), 512 (CF3), 
409 (SO2). 
Synthesis of trihexyl(tetradecyl)phosphonium 
bis(trifluoromethylsulfonyl)imide, [P66614][Tf2N]. 
Trihexyl(tetradecyl)phosphonium chloride ([P66614]Cl, 519.31 g/mol, 34 g, 
0.0654 mol) was added to a solution of lithium 
bis(trifluoromethylsulfonyl)imide (Li[Tf2N], 287.05 g/mol, 56.2 g, 0.195 mol) 
in 50 mL of distilled water while stirring. This mixture was stirred for 8 h. 
Another equivalent of Li[Tf2N] was added and stirred for another 4 h. Two 
phases formed after centrifugation (2900 rpm, 5 min). The IL was 
separated from the water and washed three times with 10 mL of water, 
each time using the centrifuge to get faster separation. The liquid was dried 
at the rotary evaporator (50 °C, 4 h) under vacuum and overnight at the 
Schlenk line (65 °C). White crystals. Yield: 71% (35.52 g, 0.046 mol). 1H 
NMR (300 MHz, [d6] DMSO), δ/ppm: 2.16 (m, 8H, 4 P-CH2), 1.34 (m, 48H, 
24  CH2), 0.88 (m, 12H, 4 CH3). 13C NMR (75.48 MHz, [d6] DMSO) 
δ/ppm: 119.5 (q, 3 CF3, J = 4.27 Hz), 31.3, 30.3, 30.0, 29.8, 29.6, 29.0, 
28.9, 28.7, 28.6, 28.0, 22.0, 21.8, 20.5, 20.4, 17.8, 17.1, 13.8, 13.7. 
Elemental analysis calculated for C34H68F6NO4PS2∙2H2O (MM = 800.0 
g/mol) (%): C 51.04, H 9.07, N 1.75; found (%): C 51.08, H 8.94, N 2.05. 
Density (water-saturated, 25 °C): 1.065 g/cm3. FTIR (ATR, ν/cm-1): 2926 
(CH2), 2857 (CH3), 1464 (CH2), 1349 (SO2), 1183 (CF3), 1136, (SO2), 1056 
(SO2), 616 (CF3), 570 (CF3), 512 (CF3). 
Cyanex® 923. 1H NMR (300 MHz, [d6] DMSO) δ/ppm: 1.56 (6H, m), 1.27 
(30H, m), 0.87 (9H, m). GC-MS: weight ratio of main components: 
[CH3(CH2)7]3P=O: 16.98%, [CH3(CH2)7]2[CH3(CH2)5]P=O, 38.53%, 
[CH3(CH2)7][CH3(CH2)5]2P=O: 32.86%, [CH3(CH2)5]3P=O: 11.63%. Other 
impurities: <8% of total weight. 
Construction of the phase diagrams. The phase diagrams are 
expressed in terms of weight percentages (wt%). Expressing the phase 
diagram in terms of mole percentages (mol%) would compress the most 
interesting part of the ternary phase diagram in one corner of the triangle 
because the number of moles of water are much higher than the number 
of moles of the ionic liquids when using equal volumes during the 
extraction experiments. The binary phase diagram of the mixture 
[Hbet][Tf2N]/[P66614][Tf2N] for instance was constructed by mixing the ionic 
liquids in weight ratios of 70:30. All mixtures were heated and stirred in 
sealed vials for 2 h. Then, they were allowed to settle overnight at a specific 
temperature ranging between 25 and 205 °C. An aliquot of both phases 
was removed with a syringe and quantitatively dissolved in deuterated 
DMSO. The concentrations of the ionic liquids in both phases were 
analysed by 1H NMR. For [Hbet][Tf2N], the peak at 4.25 ppm was used, 
which corresponds to the two hydrogen atoms on the carbon atom 
between the nitrogen atom and the carboxylic group of betaine. The peak 
at 0.93 ppm was used in the case of [P66614][Tf2N], which corresponds to 
the 12 hydrogen atoms standing at the end of the alkyl chains. The mole 
fraction of the ionic liquids in both phases can be calculated from the 
integrated values. The area under the [Hbet][Tf2N] peak was integrated 
and calibrated as 2. The weight percentage (wt%) of [Hbet][Tf2N] 
( 𝑤[Hbet][Tf2N] ) in each phase can be calculated using the following 
equations: 
𝑤[Hbet][Tf2N] =  
MM[Hbet][Tf2N]
MM[Hbet][Tf2N] + 
(𝑦 12⁄ ) ∙ MM[P66614][Tf2N]
     (3) 
Where MM corresponds to the molecular mass of the ionic liquids. The 
value y/12 is equal to the integrated area under the peak at 0.9 ppm (y) 
divided by the number of hydrogen atoms which are giving a signal at this 
wavenumber (12). The weight percentage of [P66614][Tf2N] in each phase 
was calculated via a similar formula: 
𝑤[P66614][Tf2N] =  
(𝑦 12⁄ )∙ MM[P66614][Tf2N]
MM[Hbet][Tf2N] + 
(𝑦 12⁄ ) ∙ MM[P66614][Tf2N]
     (4) 
or 
𝑤[P66614][Tf2N] = 1 −  𝑤[Hbet][Tf2N]       (5) 
The triphasic phase diagram [Hbet][Tf2N]/H2O/[P66614][Tf2N] was 
constructed similarly as reported earlier by Arce et al.[32] A mixture 
containing 1 g of water, [Hbet][Tf2N] and [P66614][Tf2N] was shaken for 1 h 
at 1900 rpm and 25 °C. Afterwards, the mixtures were centrifuged at 5300 
rpm for 10 minutes to accelerate phase separation. Each phase was 
separated with a syringe and the molar and weight ratio of the ionic liquids 
in each of the three phases were determined by analysing the 1H NMR 
spectrum in the same way as was done in the binary system 
[Hbet][Tf2N]/[P66614][Tf2N] (equation (1) and (2)). The water content of 
[Hbet][Tf2N] was determined gravimetrically by drying the phases 
overnight in vacuo at 100 °C and can be calculated as: 
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𝑤water =  
𝑚b− 𝑚a
𝑚b
          (6) 
where mb and ma are the masses of the specific phase before and after 
the drying procedure, respectively. The weight percentage of each ionic 
liquid in each of the three phases can be calculated using equation (5): 
𝑤IL =  (1 − 𝑤water) ∙  𝑤IL
′          (7) 
where 𝑤IL
′  is the weight percentage of each ionic liquid in one of the three 
phases determined by using equation (1) and (2) and (1 − 𝑤water) is the 
correction factor for the presence of water in the ternary system. The 
binary and ternary phase diagrams containing [Chol][Tf2N] were 
constructed in the same way as for the [Hbet][Tf2N] systems. The peak 
around 3.42 ppm in the 1H NMR spectrum, corresponding to the two 
hydrogen atoms on the carbon atom between the nitrogen atom and the 
alcohol group, was used for the integrations. 
The precision and accuracy of the method was tested by dissolving known 
quantities of [Hbet][Tf2N] and [P66614][Tf2N], in a weight ratio of 1:9, in 
deuterated DMSO. A weight ratio of 1:9 is similar to what was found in the 
upper [P66614][Tf2N] ionic liquid phase in case of a binary ionic liquid system. 
The percentage accuracy was 100.2% and the precision 6.5%. 
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